After correcting for their light-curve shape and color, Type Ia supernovae (SNe Ia) are precise cosmological distance indicators. However, there remains a non-zero intrinsic scatter in the differences between measured distance and that inferred from a cosmological model (i.e., Hubble residuals or HRs), indicating that SN Ia distances can potentially be further improved. We use the open-source relational database kaepora to generate composite spectra with desired average properties of phase, light-curve shape, and HR. At many phases, the composite spectra from two subsamples with positive and negative average HRs are significantly different. In particular, in all spectra from 9 days before to 15 days after peak brightness, we find that SNe with negative HRs have, on average, higher ejecta velocities (as seen in nearly every optical spectral feature) than SNe with positive HRs. At +4 days relative to B-band maximum, using a sample of 62 SNe Ia, we measure a 0.091 ± 0.035 mag (2.7σ) HR step between SNe with Si ii λ6355 line velocities (v Si ii ) higher/lower than −11,000 km s −1 (the median velocity). After light-curve shape and color correction, SNe with higher velocities tend to have underestimated distance moduli relative to a cosmological model. The intrinsic scatter in our sample reduces from 0.094 mag to 0.082 mag after making this correction. Using the Si ii λ6355 velocity evolution of 115 SNe Ia, we estimate that a velocity difference >500 km s −1 exists at each epoch between the positive-HR and negative-HR samples with 99.4% confidence. Finally at epochs later than +37 days, we observe that negative-HR composite spectra tend to have weaker spectral features in comparison to positive-HR composite spectra.
INTRODUCTION
Type Ia supernovae (SNe Ia) are important tools for understanding the acceleration of the expansion of the Universe caused by dark energy (Riess et al. 1998; Perlmutter et al. 1999) . SN Ia light-curve shape and color correlate with luminosity and a time series of photometric measurements of SNe Ia allow us to measure precise distances to these phenomena (Pskovskii 1977; Phillips 1993; Riess et al. 1996) . As cosmological surveys continue to reduce their calibration uncertainty, systematic uncertainties related to the explosion physics of SNe Ia must also decrease or they will limit our ability to constrain dark energy properties (Jones et al. 2018a) .
While light-curve shape and color are adequate to reduce the scatter in SN Ia distances to ∼8% (Scolnic et al. E-mail: msiebert@ucsc.edu 2018; Jones et al. 2019 ), more parameters may be needed to further improve precision. Hubble residuals (HRs) are the differences between the measured distance moduli and distance moduli inferred from a cosmological model. After making corrections for light-curve shape and color, the HR scatter cannot be explained by photometric uncertainty alone, and this intrinsic scatter could be related to progenitor environmental properties or explosion physics (Conley et al. 2011; Scolnic et al. 2018) . Several studies (e.g., Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al. 2010 ) have all found that the HR of a SN Ia is correlated with its hostgalaxy mass. Other studies have found that host-galaxy metallicity also correlate with corrected SN Ia luminosity (D'Andrea et al. 2011; Childress et al. 2013a; Pan et al. 2014) . These measurements should be a proxy for a physical property of the progenitor system. Current cosmological analyses treat the host-galaxy mass-HR relationship as a step function, yet we do not fully understand its origin or functional form (Childress et al. 2013b ). Rigault et al. (2013) first studied how SN properties correlated with local host-galaxy properties and found evidence for a HR step with local host-galaxy star formation rate (SFR). Rigault et al. (2018) found reduced evidence for a local SFR step after using an updated version of the SALT2 SN Ia model (Guy et al. 2010; Betoule et al. 2014 ), but found strong evidence for a local specific SFR (sSFR) step, and Roman et al. (2018) found similar evidence for a local step by measuring host-galaxy U − V colors. Jones et al. (2018a) investigated the stellar masses and u − g colors within 1.5 kpc of SN Ia explosion sites, finding evidence for a local mass step, but they could not definitively say that local properties are better correlated with SN Ia HRs than global properties or random information. Rose et al. (2019) found a correlation between HR and global host-galaxy age, but did not see evidence for a stronger local effect.
The UV spectra of SNe Ia could be a more direct probe of progenitor metallicity (e.g., Höflich et al. 1998; Lentz et al. 2000; Foley et al. 2008b; Sauer et al. 2008; Walker et al. 2012) . Foley & Kirshner (2013) found that two "twin" SNe Ia (SNe 2011by and 2011fe) have very similar light curves, colors, and spectra, but different UV continua. They attribute this difference to a difference in progenitor metallicity. Foley et al. (2019) then showed that these SNe have different intrinsic luminosities, indicating that progenitor metallicity could be related to intrinsic scatter. Similar results were found for a larger, but more diverse sample (Foley et al. 2016) . Pan et al. (2019) looked at a larger sample of SN Ia UV spectra and found that SN Ia HRs are positively correlated with progenitor metallicity; however, Brown & Crumpler (2019) did not find evidence for this UV flux-metallicity correlation. Currently, spectral properties are infrequently used to calibrate SNe Ia.
Numerous studies have quantified the potential for spectroscopic measurements to improve HR intrinsic scatter. Bailey et al. (2009) found that measuring flux ratios in specific wavelength bins could improve upon using light-curve parameters alone. Blondin et al. (2011) confirmed this result and investigated the relationships of several other spectral properties with HR. They found marginal evidence that measuring line velocities or absorption strengths improves HR scatter. Silverman et al. (2012b) looked at an independent sample and found that velocity did not lead to significantly decreased HRs when applied in combination with SALT2 light-curve shape and color parameters. All of these studies found that flux ratios were the best spectral indicators for improving HR scatter. R(6520/4430), R c (4610/4260), and R c (3780/4580) (Bailey et al. 2009; Blondin et al. 2011; Silverman et al. 2012b, respectively) were found to reduce HR scatter at >2σ levels. Additionally, Zheng et al. (2018) modeled the relationship between peak magnitude, rise time, and photospheric velocity. They show that this model can significantly reduce HR scatter if high-velocity (HV) SNe are removed from the sample.
SNe Ia have a large diversity of observed ejecta velocities (Branch 1987) . Benetti et al. (2005) found that a sample of SNe Ia have a large range of Si ii λ6355 velocity gradients, where the amplitude of the gradient correlates with velocity at maximum light. Wang et al. (2009) classified "High-Velocity" and "Normal" SNe Ia as SNe Ia above and below a velocity of ∼11,800 km s −1 respectively. For typical SNe Ia, the velocities derived from Si ii λ6355 do not correlate with the decline-rate parameter ∆m 15 (B) (Hatano et al. 2000) . Some have suggested that "High-Velocity" SNe come from different progenitor channels than "Normal" SNe (e.g., Foley et al. 2012b; Maguire et al. 2013; Wang et al. 2013) . Additionally, Foley & Kasen (2011) (hereafter FK11) found that HV SNe Ia have redder intrinsic B − V colors than Normal SNe Ia. FK11 suggested that this effect could be reproduced with an asymmetric explosion viewed at different angles. Using a sample of 1630 optical spectra of 255 SNe, Foley et al. (2011) (hereafter FSK11 ) measured a correlation between maximum-light ejecta velocity and intrinsic B − V color (the velocity-color relationship; VCR). This result was also verified for high-redshift SNe Ia (Foley 2012) . If there are intrinsic differences between SNe Ia with varying velocities, we might expect that our cosmological distance corrections do not fully account for these effects.
In this work, we aim to investigate whether any optical spectral properties of SNe Ia correlate with HRs. This work makes use of kaepora, a public, open-source relational database of SN Ia spectra that was recently presented by Siebert et al. (2019) (hereafter S19). This tool provides a large sample of homogenized SN Ia spectra and their associated metadata. For this analysis, we have updated kaepora with new metadata from the output of SALT2 fits to SN light curves (Jones et al. 2018a ). This new version of kaepora is available online 1 . Also included is a set of tools that is useful for spectroscopic analysis. In this work we primarily use composite spectra to investigate SNe Ia with varying HRs and control for spectral variation with phase and light-curve shape. These composite spectra cover a large wavelength range, and can provide more information about potential spectral feature trends than individual measurements (like ejecta velocities or equivalent widths).
In Section 2, we describe the subsample of SNe in kaepora that have HR measurements which we then use for this study. In Section 3, we present our HR-binned composite spectra and measure trends of spectral features with HRs. In Section 4, we summarize these spectral trends and discuss how they might impact cosmology. We conclude in Section 5.
METHODS

Sample
Version 1.1 of kaepora contains 4975 spectra of 777 SNe Ia. The majority of these data are sourced from the Center for Astrophysics (CfA) Supernova Program (Blondin et al. 2012) , the Berkeley SN Ia Program (BSNIP; Silverman et al. 2012a) , and the Carnegie Supernova Project (CSP; Folatelli et al. 2013 ) accounting for 51.9%, 25.6%, and 12.4% of the total spectra, respectively. While the CfA sample contains many spectra per SN (typically 7), the BSNIP spectra cover a much larger wavelength range (typical ranges of ∼3500 -7500Å and ∼3200 -10000Å, respectively). We also include data from Gomez et al. (1996) ; Riess et al. (1997) et al. (2012b) and Silverman et al. (2015) . This relational database allows for these data to be associated with a variety of useful SN-specific and spectrum-specific metadata. The spectral sample for this work is a subset of the "nominal" sample described in detail by S19. The nominal sample required SNe with a calibrated light curve that covered the time of maximum light and an MLCS2k2 (Jha et al. 2007 ) host-galaxy extinction estimate in order to correct the spectra for host-galaxy dust reddening. The MLCS2k2 lightcurve fits adopt R V = 2.5 since typical cosmological analyses often exclude highly reddened SNe Ia that seem to favor lower values of R V (Kessler et al. 2009b; Burns et al. 2014) . We also correct each spectrum for Milky Way (MW) reddening using the Schlafly & Finkbeiner (2011 ) reddening map, a Fitzpatrick (1999 reddening law, and R V = 3.1. surveys 1-4 (Riess et al. 1999; Jha et al. 2006; Hicken et al. 2009 Hicken et al. , 2012 and CSP (Contreras et al. 2010; Folatelli et al. 2010; Stritzinger et al. 2011) , with additional SNe from SDSS (Kessler et al. 2009b ) and Pan-STARRS (Rest et al. 2014; Jones et al. 2018a; Scolnic et al. 2018 ) that are not included in this work. Notably, Foundation Supernova Survey light curves (Foley et al. 2018) are not included in this analysis, but will be in a future paper (Dettman et al., in prep.) .
Hubble Residual Measurements
Light-curve fits to these data used the most recent version of the SALT2 model, SALT2.4 (Guy et al. 2010; Betoule et al. 2014) . We also applied the selection criteria used in the Pantheon analysis (Scolnic et al. 2018) to ensure accurate distances. These include shape and color cuts that remove SNe with parameters outside the range for which the model is valid (3 < x 1 < 3, 0.3 < c < 0.3) and cuts on the uncertainties of the shape and time of maximum light. We require MW reddening of E(B − V) < 0.15 mag and z > 0.01 to remove SNe that have distances with large peculiar-velocity uncertainties. The color cuts avoid SNe Ia with large dust reddening, which has been linked with atypical dust reddening and possible circumstellar scattering (e.g., Elias-Rosa et al. 2006; Wang et al. 2008; Phillips et al. 2013; Foley et al. 2014; Goobar et al. 2014 ) and has been linked to spectral differences (Wang et al. 2009; Mandel et al. 2014) .
SN Ia distances are derived from the light-curve parameters using a version of the Tripp (1998) formula that includes the host-galaxy mass step, γ and a bias correction,
Here, m B is the light curve amplitude, M is the SN absolute magnitude (whose exact value is degenerate with that of the Hubble constant and is irrelevant when only comparing HRs), and α and β are nuisance parameters that are determined from a fit to the full low-z sample. This fit is performed using the BEAMS with Bias Corrections (BBC) method of (Kessler & Scolnic 2017) , which corrects for observational biases on the x 1 , c, and m B parameters as well as on α and β. Those biases are estimated using large Monte Carlo simulations, generated with the SNANA software (Kessler et al. 2009a) , to match the low-z samples observations and sample demographics. Biases are corrected with the ∆ B (z) term. We estimate HRs relative to the maximum likelihood distances in three redshift bins to remove any dependence on cosmological parameters.
Hubble Residual Spectroscopic Sample
This work investigates the intersection of the S19 nominal sample with the sample of SNe Ia for which we have also measured HRs (named the HR sample). These requirements limit the HR sample to 1125 spectra of 126 SNe Ia. The properties of this subsample are compared to those of the S19 nominal sample in Figures 1 -4 . Overall, the distributions of the parameters of the HR sample is similar to the S19 nominal sample. Since cosmological analyses cut out the fastest-declining SNe, the HR sample does not cover as wide a range of ∆m 15 (B) as S19. The HR sample also has a slightly larger median redshift (z = 0.026 in the HR sample versus z = 0.020 in S19); this is because cosmological analyses only include SNe Ia in the Hubble flow where peculiar velocities of the SN host galaxies have a sufficiently small impact on distance measurements. It is also important to note that the HR sample only includes 7 spectra with τ > +100 days compared to 131 spectra in the S19 nominal sample. Thus, analyses of the spectra in the HR sample at late phases are difficult to perform.
ANALYSIS
The general goal of this work is take an agnostic approach to investigating the spectral properties of SNe Ia that could be related to HRs determined with current photometric-only techniques. Several of the studies discussed in Section 1 first form a hypothesis about how certain observables (e.g., host SFR, progenitor metallicity, etc.) may correlate with HRs, then focus on those individual measurements. Here, we take an alternative approach where we assume that the intrinsic scatter is caused by physical differences that can manifest as spectral differences. This approach minimizes the bias associated with determining the importance of specific pre-determined observables, can more easily discover unexpected results, and if no differences are found, produces a limit on the importance of spectral variability for reducing potential distance biases. kaepora, which both has tools to produce composite spectra for subsets of SNe and can easily control for properties known to correlate with the property in question (i.e., HR in this case), is uniquely designed for this kind of analysis. By looking at the average spectra of SNe with different HRs, we aim to determine which spectral properties (if any) correlate with HR.
Composite Spectra
In this work we generate Gini-weighted composite spectra using the methods presented by S19 for a variety of subsets of the HR sample. The Gini-weighting method provides a representative spectrum that maximizes the signal-to-noise ratio (S/N) while reducing the impact of individual high-S/N outliers. The basic algorithm is adapted from the methods used by Foley et al. (2008a) and Foley et al. (2012a) . The composite spectra also contain information about the uncertainty and average properties (e.g., phase, ∆m 15 (B), and redshift) as a function of wavelength. This information allows us to control for SN parameters that have known correlations with spectral features (such as phase and light-curve shape) as well as potentially unknown biases. S19 showed that a subset of spectra is well represented by a composite spectrum with the same average properties. We implement the same bootstrap resampling with replacement as in S19 in order to estimate the sample variation about the average spectrum.
In this work we use kaepora to provide subsets of SN Ia spectra that have similar average values of phase and ∆m 15 (B) but different average HRs. By controlling for the main parameters that influence the diversity of SN Ia spectra, the remaining differences between composite spectra should be related to the parameter being varied. In this Section we present many of these Gini-weighted composite spectra. Due to the limitations of our sample size, we primarily present composite spectra generated using two HR bins (positive and negative). In Figure 5 we present five sets of maximum-light (−2 < τ < +2 days) composite spectra constructed using these HR bins. From top to bottom, the composite spectra vary by the number of corrections that are made to the distance moduli of the contributing SNe.
First, we examine the composite spectra generated from SNe with positive and negative HRs when no light-curve shape, color, or mass-step corrections are applied. In this particular case, a SN with a negative HR has a higher peak luminosity and/or less host-galaxy dust extinction than a SN with a positive HR. The effective HR of these composite spectra are 0.22 and −0.24 mag, respectively. For these composite spectra, we see spectral differences between the positive-HR and negative-HR (higher peak luminosity) composite spectra that correspond to known trends in spectral features with light-curve shape. For example, the Si ratio (R(Si ii); Nugent et al. 1995) is smaller in the negative-HR composite spectrum. Additionally, the overall continua of the negative-HR composite spectrum is bluer than the positive-HR composite spectrum, consistent with intrinsic colors of different luminosity SNe Ia. These results confirm that our method can reproduce expected spectral differences.
Applying only a color correction (i.e., correcting µ by . Four sets of maximum-light (−2 < τ < +2 days) composite spectra constructed using positive-(blue) and negative-HR (red) bins. The shaded regions are the 1-σ bootstrap-sampling uncertainty for each composite spectrum. From top to bottom, the composite spectra vary in the distance modulus corrections that have been applied before measuring HRs. We start by using uncorrected luminosities, then subsequently correct for only light-curve shape (x 1 ); only color (c), light-curve shape and color (c); and light-curve shape, color, and host-galaxy mass step (γ). Most of the spectral variation between these two samples is removed after making the x 1 and c corrections. cβ) provides the biggest reduction in HR scatter for a single correction. The positive-HR and negative-HR composite spectra have effective HRs of 0.03 and −0.10 mag, respectively. Applying only a light-curve shape correction (i.e., correcting µ by αx 1 ) decreases the spectral differences of the positive-HR and negative-HR samples, but the HR difference does not decrease as significantly. The effective HR of the composite spectra for these subsamples are 0.24 and −0.22 mag, respectively. The spectral features of these composite spectra are well matched and the most notable difference is in the continua. The negative-HR composite spectrum (red curve labeled "x 1 correction") appears to be slightly redder in color than its positive-HR counterpart. Naively one might expect the opposite relationship (the distances of bluer SNe after light-curve shape correction should be underestimated if the difference corresponds only to a lack of a dust-reddening correction). However, if the x 1 correction also accounts for continuum differences in some way, then it is possible to have this relationship with a color correction necessary to match continua. There is also a slight difference in the Ca H&K and Ca NIR triplet features. The Ca features in the negative-HR composite spectrum are slightly weaker and at lower velocity than the positive-HR composite spectrum.
Correcting distance moduli for light-curve shape and color (correcting µ for both αx 1 and cβ) yields HR-binned composite spectra that are very similar. The continua are almost identical and the spectral feature strengths are well matched. The effective HR of these composite spectra are 0.10 and −0.12 mag, respectively, indicating that applying these distance modulus corrections has significantly reduced the HR scatter as expected.
Finally, introducing an additional host-mass step correction (γ) produces little change to the spectral features of the HR-binned composite spectra compared to those produced without making the host-mass correction. The effective HR of these composite spectra are 0.10 and −0.09 mag, respectively.
For the remainder of this work, composite spectra are generated using distance moduli that have been corrected for x 1 , c, and γ, corresponding to the values used in cosmological analyses, unless otherwise noted.
Hubble Residuals and Velocity
Despite having similar continua and overall line strengths, we observe a general trend that composite spectra generated from SNe with differing HRs tend to have different line velocities in many of their spectral features. In Figure 6 , we present composite spectra generated from samples of SNe with positive and negative HRs (blue curve) and spectra with phases of +2 < τ < +7 days. The positive-HR and negative-HR composite spectra were constructed from 88 spectra of 30 SNe, and 65 spectra of 32 SNe, respectively. The composite spectra have effective phases of +4.4 and +3.8 days and effective values of ∆m 15 (B) of 1.13 and 1.19 mag, respectively. The positive-HR and negative-HR composite spectra have Si ii λ6355 line velocities of −10,600 km s −1 and −11,580 km s −1 , respectively. Similar velocity shifts are also clearly visible for Ca H&K, Si ii λ5972,6355, S ii, and the Ca near-infrared (NIR) triplet (see the second panel of Figure 6) . In regions where the continua are matched up well (e.g., Si ii and the Ca NIR triplet), these differences are obvious in the ratio of the composite spectra.
Since the HR-binned composite spectra at +4 days show a dramatic difference in ejecta velocity, we also investigate the Si ii line velocities of the individual SNe contributing to each composite spectrum. The +4-day composite spec-tra contain data from 62 SNe whose velocity and HR measurements are shown in Figure 7 as black points (hereafter the "+4-day" HR sample). The orange stars are the velocity measurements made directly from the composite spectra displayed in Figure 6 and the shaded-blue violin regions depict the distributions of velocities measured from the individual output spectra from our bootstrap resampling process of each sample. At the top of Figure 7 , we display HR histograms for the sample divided at −11,000 km s −1 , the median velocity of the sample. We also display velocity histograms for positive-HR and negative-HR SNe on the right side of Figure 7 .
There is no strong correlation between Si ii velocity at +4 days and HR (absolute Pearson correlation coefficient of ∼0.30), however there is some intriguing structure to the distribution of measurements. For example, there are no positive-HR SNe with velocities higher than −12,000 km s −1 in this phase bin. Using the uncertainties estimated from bootstrap resampling, we measure a velocity difference of 980 ± 220 km s −1 (680 ± 150 km s −1 after removing >2σ velocity outliers) between the positive-HR and negative-HR composite spectra. We perform a Kolmogorov-Smirnov test with high/low-velocity (v Si II below/above −11,000 km s −1 ) samples and find a p-value of 0.00031 (3.4σ), suggesting that we can reject the hypothesis that the HR distributions of these samples are drawn from the same population. We also perform a Kolmogorov-Smirnov test with positive-HR/negative-HR samples and find a p-value of 0.00078 (3.2σ), suggesting that we can also reject the hypothesis that the velocity distributions of these samples are drawn from the same population.
Despite the formally high significance of these tests, the HR uncertainties for individual objects are relatively large (typically 0.12 mag), and a large fraction of SNe have a sizeable probability of truly belonging to the opposite group than it is assigned. To include this uncertainty in our significance tests, we generate 10 6 realizations of the HR values in the +4-day sample, varying the HRs by a Gaussian distribution with a standard deviation corresponding to the uncertainty of the HR measurement. In Figure 8 , we display HR as a function of Si ii velocity at +4 days after maximum light. The black points and error bars are the same data as in Figure 7 (but the axes are swapped). The dark-blue curve is a two-parameter step function fit to the original data where the sample is split at the median velocity (−11,000 km s −1 ). The light-blue curves are 100 randomly chosen stepfunction fits to the resampled HR values. Using these data, we estimate a velocity step of 0.091 ± 0.025 mag (3.7σ). To investigate the importance of choosing the median velocity to separate the sample, we allowed the velocity that separates the samples to be a free parameter in our fit. Doing this, we measure a similar velocity step of 0.091 ± 0.027 mag (3.4σ), indicating that the exact choice of velocity to separate the sample is not driving the results. The removal of >2σ velocity outliers also has a small impact on the step size (0.087 ± 0.025 mag). The low-and high-velocity samples have a sample intrinsic scatter of 0.108 mag and 0.064 mag, respectively. If we include the intrinsic scatter in the HR uncertainties, we measure a velocity step of 0.091 ± 0.035 mag (2.7σ). 
Temporal Evolution of the Velocity-HR Trend
The velocity-HR trend is also visible over a large range of phases. In Figure 9 we present the Si ii λ6355 feature in six positive-HR (blue curves) and six negative-HR (red curves) composite spectra representing phases of approximately −9 (τ < −7), −5 (−7 < τ < −2), 0 (−2 < τ < +2), +4 (+2 < τ < +7), +9 (+7 < τ < +13), and +15 (+13 < τ < +21) days. At all epochs prior to +15 days after maximum light, we see that the Si ii feature appears more blueshifted in the negative-HR composite spectra (red) than the negative-HR composite spectra (blue). These differences are apparent across a large range of velocities and often can not be accounted for by the 1σ bootstrapping uncertainty regions. The velocity difference manifests as a shift in the wavelength of maximum absorption (from which we determine the velocity of the feature), the width of the feature, and the position of the blue edge of the feature. The full line profile provides additional information and evidence that the difference in ejecta velocity for the different HR subsamples is significant.
Using the relationships derived by , we use the spectrum closest to maximum light to estimate v 0 Si II , the maximum-light Si ii velocity, for each SN. With a sample of 115 SNe Ia we measure a v 0 Si II -HR step of 0.068±0.027 mag when the sample intrinsic scatter is included in the HR uncertainties. This is consistent with our step measurement from the +4-day sample (0.091 ± 0.035 mag). to these data where we split the sample at the median velocity (−11,000 km s −1 ). The light-blue lines represent a subset of fits to random realizations of the data. The orange stars show measurements from composite spectra where we separate the sample at the same velocity. The best-fitting offset between two subsamples is 0.091 ± 0.035 mag offset (2.7σ).
Velocity-HR Trend Seen in Other Features
The velocity-HR trend is also visible in several absorption features besides Si ii and over a large range of phases. Here we examine these other indicators of ejecta velocity correlating with HR. In Figure 10 we display the spectral evolution of the Ca H&K, Si ii λ4130, S ii "W" feature, Si ii λ5972, λ6355, and the Ca NIR Triplet in the same 6 sets of HR-binned composite spectra. We do not show composite spectra of the Ca NIR triplet at the earliest epoch because there are not enough SNe in the kaepora HR sample at that epoch to get 5 SNe per wavelength bin in that region. The fluxes of the HR-binned composite spectra have been rescaled in each absorption region to best compare the line profiles.
In the majority of the negative-HR composite spectra (red), the minima of these absorption features appear blueshifted relative to their positive-HR counterparts (blue). With the exception of S II, which shows a large velocity difference at −9 days, the largest discrepancies in velocity occur either in the maximum-light or +4-day composite spectra for each absorption feature. All of the Si ii features (λ4130, λ5972, and λ6355) are more blueshifted in the negative-HR composite spectra at every epoch except +15 days where they have similar velocities. Ca H&K appears more blueshifted in the negative-HR composite spectra at every epoch. However, the Ca NIR triplet is more variable. The early-phase (−5 and 0 days) composite spectra of this feature are very similar, but the later-phase composite spectra show the same velocity trend as the other spectral absorption features.
We further examined color-corrected flux ratios other authors found to correlate with HRs. For the highest- significance ratios, we find differences in the +4-day composite spectra. Notably, the two wavelengths used for a flux ratio (e.g., 4260 and 4610Å for R c (4610/4260); Blondin et al. 2011 ) are at the edges of a spectral feature (in the example, Mg ii). For these cases, the flux ratio changes significantly with velocity since the edge of a feature will shift, adjusting the flux at a particular wavelength. We do not find evidence for different line strengths beyond the velocity difference for these measurements.
Hubble Residuals and Color Curves
Despite the velocity differences observed in the spectral absorption features, the continua are similar. We examine this in more detail by synthesizing B − V and V − i color curves, which we present in Figure 11 .
The color curves of the HR-binned composite spectra look very similar. There is some tentative evidence that the positive-HR sample is redder than that of the negative-HR sample at τ 30 days, while the V − i color of positive-HR sample is bluer. This potential trend is discussed further in Section 4.
Hubble Residuals and Absorption Strength
In addition to the velocity-HR relationship discussed above, we also see an indication of spectral deviations between HRbinned samples at phases 1-3 months after peak. In Figure 12 we present three sets of HR-binned composite spectra with effective phases of +37, +52 and +77 days from top to bottom, respectively.
At +37 days, the positive-HR and negative-HR composite spectra look very similar. While there are some subtle differences, most of these deviations are contained within the 1-σ bootstrap resampling uncertainty regions. However, as the composite spectra progress to later phases, the differences become more significant.
In the three displayed spectra, the negative-HR composite spectrum has weaker features than the positive-HR composite spectrum. This relationship is most obvious in the +52-day HR-binned composite spectra, but is also significant in the +77-day HR-binned composite spectra, but with a limited wavelength range and fewer SNe contributing. For this reason, we chose to further examine this trend by examining the +52-day composite spectra in more detail. Figure 13 is the same format as Figure 6 and shows these composite spectra along with some more detailed, wavelength-dependent information. These composite spectra were constructed using a phase bin of +42 -+62 days and ∆m 15 (B) bins of 0.7 -1.8 mag. The effective phase, ∆m 15 (B), and HR of the positive-HR composite spectrum are 50.8 days, 1.11 mag, and 0.09 mag, respectively (52.4 days, 1.08 mag, and −0.11 mag, for the negative-HR composite spectrum, respectively). While the phase bin is large, the average phase only differs by more than 3 days (<5% of the time since explosion) in 6% of all wavelength bins. Similarly for ∆m 15 (B) (fifth panel), the average ∆m 15 (B) at every wavelength only differs by more than 0.1 mag in 14% of wavelength bins. It is also noteworthy that the positive-HR and negative-HR sample sizes are very different in this phase range. With the positive-HR sample containing 18 spectra of 11 SNe, and the negative-HR sample containing 60 spec- tra of 31 SNe. While these spectral differences seen at these later epochs are intriguing, the small number of contributing SNe limits our inference.
A difference like this could be attributed to a difference in the overall continuum level of SNe with different HRs. The fractional depth of spectral features in SNe Ia with a larger overall flux levels should be smaller. Wang et al. (2019) has suggested that a B-band offset in HV SNe at phases >+40 days could be due to a light echo from circumstellar dust. A light echo could dilute the specral features. However, our composite spectra do not exhibit a large color difference at this phase (Section 3.5), disfavoring a light-echo explanation for the difference in spectral feature strength.
It is also possible that host-galaxy light contamination is causing the observed feature strength differences. This could also change the continuum level, diluting the strength of features. Since the difference between the spectra does not look like a galaxy spectrum, this scenario is less likely. Since there are only 11 SNe in the positive-HR sample, we caution interpretation of this difference until a larger sample is obtained. 
DISCUSSION
Composite spectra provide an agnostic approach to understanding spectral correlations with HR. Through this approach we find that velocity is the most important optical spectroscopic indicator of HR after all typical corrections are made. Quantifying the significance of the velocity-HR relationship is challenging since we observe this trend in several spectral absorption features and at several epochs. Most methods yield a statistically significant result. We find that SNe with negative HRs tend to have higher ejecta velocity. Similarly, we find that SNe with higher ejecta velocity tend to have negative HRs after all light-curve and host-galaxy corrections are applied. That is, using modern techniques as done for cosmological analyses, SNe Ia with high (low) ejecta velocity have measured distance that are biased low (high).
In this section, we further discuss the significance of our results, and the implications a velocity distance bias would have on SN Ia cosmology results.
Temporal Velocity Evolution and HR Differences
In Figure 14 , we further examine the evolution of v Si II . The individual blue (red) points correspond to Si ii λ6355 velocity measurements from individual spectra whose SNe have positive-HR (negative-HR). The solid blue and red points connected by lines are the 2-day binned medians of Si ii velocity evolution for the HR sample. Individual points are measurements made from individual spectra. Solid connected points are binned medians using the bin sizes of 2 days and the error bars are the median absolute differences, dividing by the square-root of the number of points in a bin, for each bin. Blue and red points correspond to measurements from SNe in the positive-HR and negative-HR samples, respectively. We estimate that the negative-HR sample has a mean velocity that is at least 500 km s −1 larger than the negative-HR sample at the 2.8σ level.
these velocity measurements, and the error bars are the median absolute difference within each bin. While the scatter is large, it is clear that the negative-HR sample has consistently higher velocities on average than the positive-HR sample until ∼+15 days after maximum light. Over all bins in this phase range, the negative-HR sample is on average 500 km s −1 above the negative-HR sample, consistent with the +4-day subsample.
However, it is also important to note that these median measurements are correlated. While the phase bins do not overlap and individual measurements contribute to only a single median value, the same SN may have multiple spectra that cover a range of phases. We quantify this correlation with a simple Monte Carlo simulation. The positive-HR and negative-HR samples displayed in Figure 14 contain data from 52 and 62 SNe, respectively. From the full sample, we randomly generate two samples of SNe with these sample sizes. Each SN maintains all of its original velocity measurements. In our original measurements, the negative-HR sample has a higher median velocity in 14 out of 16 phase bins and has a median ejecta velocity higher by at least 500 km s −1 in 9 out of 16 phase bins. We find that the mock negative-HR sample produces a similar distribution of velocity residuals by chance in only 0.6% of trials.
Impact of SALT2 Corrections
We examine the impact of the velocity difference on distance modulus biases and cosmological analyses. In Figure 15 we present the maximum-light HR-binned composite spectra from Figure 5 focusing on the Si ii λ6355 feature. As in Figure 5 , the top to bottom sets of positive-HR (blue) and negative-HR (red) composite spectra have increasing corrections applied before calculating HRs.
We find that for both the x 1 and c-corrected and x 1 , c, and γ-corrected composite spectra, the negative-HR com- posite spectra clearly have a higher v Si II than positive-HR composite spectra. This means that the effect is present regardless of if a host-mass step (γ) correction is applied. Additionally, we are not introducing a velocity-HR correlation when accounting for the host-mass step. When we only apply the x 1 correction (third set of composite spectra), the velocity difference between the HR bins disappears indicating that, if there is still a velocity effect, it is not a dominant influence on HRs.
Consistency with Predictions from FSK11
The trend between HR and velocity has important implications for cosmological analyses. Here we quantify the improvement of precision obtained by applying the velocity step presented in Figure 8 .
The intrinsic HR scatter for a sample is defined as the additional uncertainty required to achieve χ 2 ν = 1.
The intrinsic scatter in the +4-day sample improves from 0.094 mag to 0.082 mag after applying the velocity step. This improves the distance precision of each SN by 20%. However, this result is not significant (0.5σ). While potentially intriguing, this result is also still consistent with Blondin et al. (2011) and Silverman et al. (2012b) , who found a <10% improvement in the HR weighted root-mean square (WRMS) when accounting for SN Ia maximum-light velocities. Despite the small improvement, Blondin et al. (2011) found evidence for a weak correlation between v 0 Si II and x 1 /c-corrected HRs (absolute Pearson correlation coefficient of 0.40).
FSK11 noted a correlation between velocity and color (VCR), which could have implications for a HR bias. FSK11 measured an intrinsic color by comparing the color of a SN to the expected color for a SN with a similar light-curve shape corrected peak brightness that is only reddened and dimmed by dust. Deviations in color from the expected relationship were interpreted as intrinsic.
FSK11 found a linear correlation between Si ii velocity at maximum light and (B max −V max ) 0 , the intrinsic difference between maximum B-and V-band brightnesses (the velocitycolor relationship; VCR). Specifically, they found
Si II /1000 km s −1 .
(2)
Since the SALT2 c parameter behaves in a similar way to B − V color Guy et al. (2005) , the VCR should produce, assuming SALT2 does not somehow account for this affect already, a step between low-and high-velocity SNe of
where β = 3.15 and "low" and "high" subscripts correspond to average measurements from the v Si II > −11,000 km s −1 and v Si II < −11,000 km s −1 subsamples, respectively. The prediction that higher-velocity SNe should have negative HRs is a direct prediction from the direction of the correlation between velocity and color and is independent of our measurements. However, we now use mean velocity measurements of the low-and high-velocity +4-day HR samples ( −10,510 and −11,880 km s −1 , respectively) to estimate that VCR should produce a HR step of 0.14 ± 0.04 mag for our sample. This step size is consistent with the HR step that we observe (0.091 ± 0.025 mag) and has an important physical interpretation. Higher-velocity SNe Ia, which have redder intrinsic continua, are over-corrected for their color, making them appear closer away than they are. Notably, this would lead to corrected magnitudes that are brighter (negative-HR) than lower-velocity SNe Ia. Since the distribution of c values within our high-and low-velocity subsamples are very similar, we suggest that c does not fully account for intrinsic color differences due to velocity. The reduction in intrinsic scatter that we measure could indicate that chromatic scatter could account for ∼20% of the observed intrinsic scatter.
While our measurement is consistent with the prediction of FSK11, there is significant overlap between the FSK11 sample and the HR sample presented in this work. Although FSK11 did not examine HRs, it should not be surprising that we observed a similar HR offset if that offset is caused by VCR.
Given the VCR presented in Foley et al. (2011), we might expect the colors of our HR-binned composite spectra to be different. However, we do not see significant differences in the B − V and V − i colors curves presented in Figure 11 . This may not be inconsistent since the continua are corrected using a reddening estimate from MLCS (Jha et al. 2007) , while the HR is determined from SALT2 Guy et al. (2010) . It is possible that MLCS, which attempts to separate intrinsic color and dust reddening is less affected by the VCR. FK11 found that when using the rudimentary corrections of ∆m 15 (B) and peak color, accounting for the VCR improved the HR scatter from 0.190 to 0.130 mag. By using velocity, our results do not rule out an improvement of this size. Again, this consistency is not unexpected since the samples in FK11 and this work are not completely independent.
CONCLUSIONS
We have used the open-source relational database kaepora to generate a variety of composite spectra with different average properties in order to investigate potential spectral variation with HRs. Using sets of composite spectra, we further examine how SNe Ia with different HRs differ spectroscopically. Our main results can be summarized as follows:
(i) There are several spectral differences between SNe Ia with different HRs. This indicates both that current distance estimators that rely on photometric and host-galaxy measurements alone are not capturing the full physical diversity of SNe Ia and that measuring these spectral differences provides the possibility of improving distance measurements.
(ii) There exists a trend between Si ii velocity and HR. Using a sample of 62 SNe Ia, we find that SNe with negative-HRs tend to have higher Si ii λ6355 velocities. We measure a HR-Si ii λ6355 velocity step at −11, 000 km s −1 of 0.091 ± 0.035 mag. This step is consistent with a VCR , and correcting for the velocity step may improve distance precision by 20%.
(iii) Using all individual spectra ranging from −13 to +22 days, we find 2.8σ evidence for a Si ii λ6355 velocity difference >500 km s −1 between the positive-HR and negative-HR samples at all epochs.
(iv) A similar velocity offset between positive-HR and negative-HR samples is observed at a variety of epochs and in multiple spectral features. For negative-HR composite spectra we observe larger blueshifts in Ca H&K, Si ii λ4130, Si ii λ5972 and λ6355, and the Ca II NIR triplet, and at phases of −9 to +15 days. The differences are apparent across the line feature, with the negative-HR spectra having broader features with bluer blue edges. In many different ways across phase, atomic species, and line profile, the negative-HR SNe have indications of higher ejecta velocity, making the above results more significant. Additionally, we use near-maximum light spectra to estimate v 0 Si II for a sample of 115 SNe Ia. With these measurements we estimate a v 0 Si II -HR step of 0.068 ± 0.027 mag when sample intrinsic scatter is included in HR uncertainties.
(v) Using our maximum-light composite spectra, we find that this velocity difference is apparent for HRs derived with and without accounting for the host-galaxy mass step. This indicates that the velocity difference is not induced by making this distance modulus correction, and the host-mass step is not caused by velocity.
(vi) At late epochs (+37 − 77 days) we observe that the negative-HR sample produce composite spectra that appear to have overall weaker spectral features than the positive-HR sample. This difference appears to strengthen with time, however, more spectra are needed validate this effect.
(vii) All results are consistent with a VCR (FSK11). In this scenario, high-velocity SNe Ia have intrinsically redder continua than low-velocity SNe. The redder continua is overcorrected using current distance estimators, causing a distance bias.
A velocity-HR step of ∼0.1 mag has important implications for cosmological analyses. Currently there is not significant evidence that the velocity distributions of SNe Ia evolve with redshift (Blondin et al. 2006; Foley 2012) . However if the average velocity changes with redshift, we would introduce a systematic bias in our cosmological parameter estimates. We should gather more high-redshift spectra to further explore this effect. Specifically, we have presented evidence that the velocity-HR trend manifests as a velocity difference in numerous absorption features. These potential differences should be further explored in both low-and highredshift samples. Also, Léget et al. (2019) recently developed SUGAR to improve the spectral description of SNe Ia. Using a "PCA-like" method, they showed that the second-most important factor was strongly correlated with Si ii and S ii velocity. The variation in this factor was also related to variation in color, and was not correlated with the SALT2 x 1 or c parameters. This supports our conclusion that SALT2 does not fully capture spectral variations associated with ejecta velocity.
Since ejecta velocity trends with HR, we encourage more spectral observations of SNe Ia, perhaps especially immediately after maximum light (+2 -+7 days) to provide the best unbiased distance measurements and to increase sample sizes. Since the VCR is consistent with our observations, it might be possible to glean additional distance information from color curves without directly measuring velocities. However with our current sample and techniques, we do not see significant differences in the B −V or V −i color curves of our HR-binned composite spectra at a variety of epochs. This indicates that spectra are likely needed to fully capture the velocity effect. While the spectral differences at later phases should be further explored, it is less feasible to get spectroscopic follow-up observations of SNe Ia in a cosmological sample at these late epochs.
Future cosmological experiments such as the Large Synoptic Survey Telescope (LSST) and the Wide-Field InfraRed Space Telescope (WFIRST) will discover and photometrically follow large samples of SNe Ia (10 5 -10 6 ), but only a small fraction will have spectroscopy (Hounsell et al. 2018; The LSST Dark Energy Science Collaboration et al. 2018) . Careful choices must be made, especially now that WFIRST 's spectroscopic capabilities are limited to a slitless prism and grisms, to fully sample the velocity distribution and to determine if that distribution changes with redshift. The velocity-HR effect must be analyzed in detail to properly plan for and leverage these experiments.
